The rate of tidal circularization is predicted to be faster for relatively cool stars with convective outer layers, compared to hotter stars with radiative outer layers. Observing this effect is challenging, because it requires large and well-characterized samples including both hot and cool stars. Here we seek evidence for the predicted dependence of circularization upon stellar type, using a sample of 945 eclipsing binaries observed by Kepler. This sample complements earlier studies of this effect, which employed smaller samples of better-characterized stars. For each Kepler binary we measure e cos ω based on the relative timing of the primary and secondary eclipses. We examine the distribution of e cos ω as a function of period for binaries composed of hot stars, cool stars, and mixtures of the two types. At the shortest periods, hot-hot binaries are most likely to be eccentric; for periods shorter than 4 days, significant eccentricities occur frequently for hot-hot binaries, but not for hot-cool or cool-cool binaries. This is in qualitative agreement with theoretical expectations based on the slower dissipation rates of hot stars. However, the interpretation of our results is complicated by the largely unknown ages and evolutionary states of the stars in our sample.
INTRODUCTION
Binary stars make up over half of all stars in the universe, and their orbital properties have been studied for many decades (see, e.g. Kopal 1956 ). In close binary systems, tidal forces distort the shapes of stars and cause oscillations. The gradual dissipation of energy associated with those fluid motions ultimately leads to coplanarization and synchronization of rotational and orbital motion, as well as circularization of the binary orbit (see, e.g., Mazeh 2008 , and references therein).
One interesting aspect of tidal circularization theory is that the dissipation rate is a very strong function of the orbital semi-major axis, and thereby on the orbital period (see, e.g., Zahn 1975 ). Many efforts have been made to determine the so-called "cut-off period" (see, e.g., Mayor & Mermilliod 1984) , which characterizes the transition between mainlycircular and mainly-eccentric orbits. It has also been suggested that the cut-off period can serve as a proxy for age in star clusters (Mathieu & Mazeh 1988) , and indeed there is evidence for a linear trend between the cut-off period and the age of binary stars in different clusters (e.g. Meibom & Mathieu 2005) .
Another interesting aspect of the theory is that the circularization timescale is predicted to depend strongly on stellar type. Stars with thick exterior convective zones are expected to experience more rapid tidal dissipation than stars with mainly-radiative exteriors (Zahn 1975) . Our interest in this topic was heightened by some recent developments in exoplanetary science. The obliquities of the host stars of closein giant planets have been observed to have different distributions for hot and cool stars (Winn et al. 2010; Albrecht et al. 2012) , with the boundary between these types of stars at around T eff ≈ 6250 K. It has been proposed that the differences in the obliquity distributions of cool and hot stars are Electronic address: vincent@phys.au.dk due to differences in tidal dissipation, and perhaps magnetic braking (Dawson 2014) .
Investigating these possibilities led us to search the literature for clear observational evidence of the dependence of tidal dissipation rates on effective temperature. The literature does provide some evidence for the expected dependence of the cut-off period on stellar type, mainly through the comparison of different samples that have been analyzed in different ways. This is at least partly because cool stars and hot stars have been studied by different communities using different techniques. For hot stars, Giuricin et al. (1984) found circularization below a period of 2 days for a sample of about 200 binary stars, which is seemingly consistent with the tidal friction theory of Zahn (1977) . A similar result was arrived at more recently by Khaliullin & Khaliullina (2010) , who compiled a catalogue of about 100 eclipsing binaries from different sources. For cool stars, Koch & Hrivnak (1981) investigated binaries with periods shorter than 20 days, and found reasonable agreement with theory. Abt (2006) collected eccentricities for cool stars and find cut-off periods at around 4 days. Pourbaix et al. (2004) maintain a large catalog of eclipsing binaries including both hot and cool stars, but the catalog is an inhomogeneous concatenation of various sources, and does not lend itself to statistical studies. The most convincing study to date was performed by Torres et al. (2010) , who studied 95 eclipsing binaries with masses and radii known to better than 3%. They found that short-period binaries tend to have circular orbits; long-period binaries have a wider range of eccentricities; and the critical period separating these regimes is larger for binaries with cool stars (defined by those authors as stars with T eff < 7000 K) than for binaries with hot stars.
Exoplanetary science has now provided an opportunity to perform a complementary study using a larger sample of less well-characterized binaries. The NASA Kepler mission (Borucki et al. 2010 ) was designed to find transiting planets, and also discovered thousands of eclipsing binaries Slawson et al. 2011 ). The Kepler photometry can be used to precisely determine one component of orbital eccentricity: e cos ω, the product of the eccentricity and the cosine of the argument of pericenter, which is related to the relative timing of the primary and secondary eclipses. The measured eclipse durations can also be used to determine e sin ω, though this is less straightforward. These photometric constraints on eccentricity are much easier to obtain than the task of measuring the orbital eccentricity through radial-velocity monitoring (see, e.g., Mazeh et al. 2006) . Although Slawson et al. (2011) modeled a large number of Kepler EBs, the results for eccentricity were not reliable, presumably because their neural-network approach was designed to measure many different properties for a wide variety of binary stars and was not trained specifically to determine eccentricities.
Here, we employ a simpler method to measure e cos ω reliably, based only on the relative timing of the primary and secondary eclipses. We combine these measurements with published effective temperatures for the binary components (Armstrong et al. 2014 ) to divide our sample into hot-hot, hotcool, and cool-cool binaries. We then compare the observed e cos ω-period diagrams for these different categories of EBs. Thus, our study benefits from a relatively large sample and from homogeneity in the measurement techniques. However, it has the significant drawback that the masses, sizes, ages, and evolutionary states of the stars are not nearly as well known as the systems studied by Torres et al. (2010) . This paper is organized as follows. Section 2 describes our sample and measurement techniques. Section 3 presents the results. Section 4 compares our results to simple theoretical expectations of tidal dissipation rates, taking into account systematic differences in stellar age. Finally, a discussion is presented in Section 5.
2. METHODS 2.1. Measuring e cos ω To create our sample we begin with the EB catalog by Slawson et al. (2011) 1 . We use the periods given in this catalog. We rely on the effective temperatures for the primary and secondary stars, T 1 and T 2 , that were determined by Armstrong et al. (2014) by fitting the observed spectral energy distribution. We impose the restriction T eff ≤ 10, 000 K, to limit the number of very young stars in the sample and thereby simplify the interpretation, as described in Section 4 in more detail. To measure e cos ω, we determine the times of primary and secondary eclipses, using the procedure described below.
The Kepler observations are separated into different quarters (Q), each representing about three months of data. The data from each quarter are provided in three separate files, each containing one month of data. Our starting point is the pre-search data conditioning (PDC) photometry, from which some of the instrumental trends have been removed (Smith et al. 2012) . For normalization, we divide the flux data from each month by the mean monthly flux level. The data are then folded based on the period reported in the Villanova EB catalog , and binned in orbital phase by a factor of 50.
Subsequently we determine the times of the primary and secondary eclipses. We do so as follows: first, we locate the approximate time of the deepest eclipse (t 1 ). The time interval containing this eclipse is then ignored, and we determine the approximate time of the second eclipse (t 2 ). We determine the precise times by fitting a second-order polynomial function of time to the data near minimum light. We estimate uncertainties by using a bootstrap technique. We create 100 samples by drawing randomly (with repetitions allowed) from the actual data points. We then refit these samples, and adopt the mean of the results as the "best value", and the standard deviation of the results as the 1σ uncertainty.
We then find e cos ω, using
where P is the orbital period. 2 The method is illustrated in Figure 1 . We apply this method to all stars in the EB catalog which have orbital periods between 1.5-50 days. Binary systems with periods shorter than 1.5 days are often non-detached, which complicates the measurements. These binaries are not likely to be useful for our study because they have been found to be circularized regardless of stellar type (Torres et al. 2010) . Likewise, for binaries with periods longer than 50 days, tidal circularization is very likely irrelevant for main-sequence binaries of all spectral types.
In some cases, our automated method fails to identify the correct eclipse times due to data artifacts. These systems are manually refitted. To avoid any bias, we perform this refitting blindly, i.e., the fitter has no knowledge of the stellar effective temperatures. In other cases there are no secondary eclipses, or no primary eclipses. We remove these cases from consideration, after confirming the absence of the eclipses through visual inspection of all the folded light curves. We do not think that these omissions produce any significant bias relating to stellar effective temperature, although we caution that highly eccentric binaries are more likely to only show either primary or secondary eclipses, which means that our derived 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Log (10) distribution of e cos ω (for all stellar temperatures) may be biased towards lower values.
RESULTS
The main result of our analysis are measurements of e cos ω that are associated with the previously determined orbital period P (from Slawson et al. 2011 ) and the stellar temperatures of the two components (from Armstrong et al. 2014) . Figure 2 shows the measurements of e cos ω as a function of P, with the color of each circle encoding the effective temperatures of the components. Following Winn et al. (2010) and Albrecht et al. (2012) , we use 6250 K as the boundary between "hot" and "cool" stars. A binary is designated "hot-hot" if both stars have estimated effective temperatures exceeding this nominal boundary value. Likewise, "cool-cool" binaries have two cooler stars, and "hot-cool" binaries have one hot star and one cool star. We present results for 137 hot-hot binaries, 289 hot-cool binaries and 519 cool-cool binaries. The parameters for all EBs in our sample are reported in Table 1 . Figure 2 shows that the distribution of e cos ω is roughly symmetric around zero, as would be expected for a uniform random distribution of ω, the argument of pericenter. At the shortest periods, it is clear that most binaries are circular or nearly circular. The spread in eccentricity increases with increasing orbital period. This is consistent with what is expected from tidal circularization at short periods, and with previous studies of other samples. Figure 3 shows the fraction of EBs that are significantly eccentric, within different period bins. In this analysis, we use |e cos ω| ≥ 0.02 as our criterion for significant eccentricity. The error bars displayed on the bins represent only the uncertainty due to Poisson (counting) statistics. It is clear that beyond 10-15 days, the large majority of binaries are eccentric regardless of the temperature. At shorter periods, this is not the case. The fraction of eccentric binaries decreases with decreasing period, and it does so at different rates for different temperature classes. For P ≤ 10 days, the hot-hot binaries have a greater fraction of eccentric systems at a given period.
COMPARISON WITH THEORY
The observed eccentricity of an EB depends on its initial eccentricity, the rate of tidal circularization, and the time interval over which circularization has taken place, i.e., the age of the system. For simplicity we assume that the initial eccentricity distribution is broad and is the same for binaries of all types (although we are not aware of any firm observational support for this latter assumption). Thus, in our model, any differences in eccentricity distributions between samples of EBs come from differences in tidal dissipation rates and ages.
To calculate the expected timescales for tidal circularization for convective stars (τ conv ) and for radiative stars (τ rad ), we follow Claret & Cunha (1997) and use the formulas
and τ circ, rad = (1.71 × 10 1 yr)M 3 (1 + q)
where M and R are the total stellar mass and radius in solar units, q is the mass ratio of the two stars, and L is the total luminosity relative to the Sun's luminosity. For simplicity we assume the main-sequence relations L ∝ M 3.9 and R ∝ M 0.8 , and we set q = 1. We use representative values for E 2 and λ 2 (Claret & Cunha 1997, see their Figures 1 and 3) . We can now calculate the circularization timescale for convective and radiative stars of different masses and periods.
As for the age, our estimate is based on the simple and approximate main-sequence relationship, τ = (10 10 yr)(M/M ) −2.9 . While ages of individual Kepler EBs are typically unknown, on average the hot stars are expected to be systematically more massive, faster-evolving, and younger, giving them less time for tidal dissipation to circularize their orbits.
We can now calculate the relative circularization time τ circ /τ as a function of period for different systems. Figure 4 shows some illustrative results. For values of τ circ /τ greatly exceeding unity, we expect to observe a broad distribution of eccentricities because the lifetime of the system is too short to have allowed for significant circularization. For values of τ circ /τ well below unity, the opposite is true, and we expect most binaries to have circular orbits.
According to the results of this rough calculation, we should expect to find a critical circularization period for cool stars in the neighborhood of 5 days (log P = 0.7). For hot stars we should find a shorter circularization period depending more strongly on mass, ranging from about 1.3 days for 10 M to 3 days for 2 M . We emphasize that these exact numbers depend on a range of assumptions outlined above, and should be considered as rough estimates rather than exact predictions.
To isolate the theoretical effect of tidal dissipation, as opposed to stellar age, Figure 4 shows the results after setting τ equal to the Hubble time for all cases. Here there are no relative age effects at play. By comparing the two panels in this figure we see that the effect of age is important for the most massive stars (which are on average the youngest). For the hot stars, replacing the stellar age with the much longer Hubble time results in longer circularization periods. Thus, in this simple picture, stars with a mass of 5 M have a similar tidal dissipation rate as cooler, lower-mass stars with thick convective zones, but we should nevertheless observe such stars to have a shorter circularization period because of their younger ages. For even more massive stars the age effect becomes even more dominant. For the case of 10 M , the circularization period actually exceeds that of the cooler stars. On the other hand, for stars of mass 2 M , age effects are much less important. This is understandable, since the typical lifetime of such stars is only a few times shorter than that of subsolar mass stars.
These theoretical considerations show that for the purpose of observing the specific dependence of tidal dissipation rates on stellar type, it is important to focus on stars that are not too massive (too hot). We are thereby led to limit our sample to M ≤ 3 M . Since T eff /T eff, ≈ √ M/M on the main sequence, this is achieved by restricting T eff ≤ 10, 000 K.
Based on Figure 4 we expected that cool-cool binaries would be mainly circular below ≈5 days (log P = 0.7), with the precise "cut-off" period almost independent of stellar mass. For hot-hot binaries we expected that for periods exceeding 2-3 days (log P = 0.3 − 0.5), some systems could remain eccentric, with the precise cut-off period depending more strongly on stellar mass, leading to a greater scatter. For hot-cool systems, the cool component is expected to provide most of the tidal dissipation, leading us to expect the cut-off period for hot-cool systems to be similar to that of cool-cool systems. 3 Qualitatively, these are indeed the trends that are observed. Figure 5 allows a closer inspection of the systems with periods shorter than 5 days. At the shortest periods, a clear difference is observed between stars with different temperatures. For example, at periods between 1.5 and 4 days, there are 74 hothot stars of which 12 show significant eccentricity (which, as before, is defined as |e cos ω| ≥ 0.02). By contrast, there are 156 cool-cool and 108 hot-cool stars, and only 2 stars in each category have a significant eccentricity. For periods between 4 and 5 days, some eccentric systems occur for all stellar types: there are 2 out of 14 hot-hot systems showing eccentricity, 5 out of 54 for cool-cool systems, and 2 out of 29 for hot-cool systems.
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Circ. time / stellar lifetime Numbers above unity indicate that most of these systems haven't had time to circularize, while numbers below unity indicate a circularization timescale shorter than the lifetime of the system. Bottom: Rather than dividing by the stellar lifetime, we have now divided by the age of the universe. If the most massive stars would live this long, they would circularize up to longer periods than they do, but stars of a few solar masses are much less affected.
with a significant eccentricity, N ecc /N all (P). This is defined as N ecc N all (P) = N(P ≤ P and |e cos ω| ≥ 0.02)
where N(P ≤ P) is the number of binary stars with periods less than or equal to P. From Figure 6 , we see that hot-hot binaries show significant eccentricities at shorter periods than hot-cool or cool-cool binaries. The hot-cool and cool-cool binaries have a very similar period-dependence of their eccentricity distributions. At longer periods, the hot-cool and cool-cool binaries have a higher fraction of eccentric systems than the hot-hot binaries, presumably because the sample of hot-hot binaries has a larger fraction of shorter-period systems (see Figure 3 ).
DISCUSSION
This work represents an attempt to compare the degree to which tidal circularization has taken place in binaries with hot and cool stars, using a large sample of Kepler eclipsing binaries that has been analyzed with homogeneous measurement techniques. The observations displayed in Figure 2 . Hot-hot binaries can be eccentric at periods beyond about 2 days, while hotcool and cool-cool binaries exhibit eccentricities at periods longer than 4-5 days.
ure 4, despite the obvious limitations and simplicity of our crude theoretical calculations. This suggests that we have indeed detected the dependence of orbital circularization on stellar type, due to the combination of age effects and differing tidal dissipation rates. The observations alone cannot tell us which of these two factors -age or tidal dissipation -is more important. However, as pointed out in Section 4, for stars cooler than about 10, 000 K, age effects are not expected to be dominant; the main effect should be tidal dissipation rates. Another suggestion that the differences in cut-off periods between the samples cannot be caused exclusively by differences in age is provided by the "mixed" binaries. In these cases one of the stars is hot and therefore evolving rapidly, causing these binary systems to be systematically younger than cool-cool binaries. Thus, in terms of age, the mixed binaries should be comparable to the hot-hot systems. However, we observe their eccentricity fraction at short periods to be lower than that of the hot-hot systems, which (in our admittedly simple framework) can only be explained by the higher tidal dissipation rate of the cool component in these systems.
Despite the advantages of a homogeneous analysis method and relatively large sample, there are also important limitations of our study. Rather than eccentricity itself, we chose to focus on e cos ω, because this parameter is so readily determined from the existing Kepler photometry. After some preliminary efforts, we abandoned the attempt to measure e sin ω, which can in principle be derived from the relative duration of the primary and secondary eclipses. We found that such measurements are considerably more complicated to make reliably, due to the covariance of this parameter with the semi-major axis, orbital inclination, and limb-darkening parameters. Even in favorable cases the precision in e sin ω is typically an order of magnitude worse than in e cos ω. Nevertheless, it is likely that the measurements of both e cos ω and e sin ω can be improved upon for individual systems of interest. In addition, radial-velocity observations could be undertaken to validate these determinations.
In this work we have taken 6250 K to be the dividing line between hot stars with radiative outer layers and cool stars with convective outer layers. This choice was made for consistency with previous work on the obliquities of exoplanet host stars (Winn et al. 2010; Albrecht et al. 2012 ). However, other dividing lines have been used by other authors; for example, Torres et al. (2010) used 7000 K. If we use 7000 K as the dividing line, there are 8 hot-hot systems out of 34 with periods shorter than 4 days which exhibit a significant eccentricity (as opposed to 12 out of 74, for a dividing line of 6250 K). Furthermore, with the 7000 K boundary, there would be 6 out of 259 cool-cool eccentric systems, and 2 out of 45 hot-cool eccentric systems. This suggests that if we had chosen 7000 K, this would have strengthened the result that hot-hot binaries are more likely than hot-cool or cool-cool binaries to be eccentric at relatively short periods. We also note that Torres et al. (2010) did not impose an upper limit of 10, 000 K, as we do here. A substantial fraction of the hot stars in their sample are substantially hotter than those considered here (the hottest stars in their sample is 38, 000 K). As a result, the Torres et al. (2010) sample may be more affected by the systematic age differences between hot and cool stars.
We did not take into account the uncertainties in the stellar temperatures given by Armstrong et al. (2014) . In some cases the uncertainties are substantial: the mean uncertainty for primary stars is 370 K. Undoubtedly some of the objects in our sample have been misclassified. This situation will improve after the EBs are studied spectroscopically. We also note that the calculations of T 2 relative to T 1 by Armstrong et al. (2014) may have a subtle dependence on eccentricity, because the e sin ω parameter can affect the depth ratio between eclipses. We neglected this effect in this study.
There are also some issues to keep in mind regarding the theoretical interpretation. As pointed out in Section 4, we have assumed the initial eccentricity distribution is the same for all stellar types, which is not necessarily the case. In addition, we do not generally know the age of individual binary stars. At this point we can only make general statements about systematic differences between our samples. In some cases the individual system ages could be derived from isochrone fitting, asteroseismology or gyrochronology, although deriving ages for all EBs in the sample would require a considerable effort. Furthermore, in our interpretation we have assumed that all stars in our sample are on the main-sequence, by using the scaling relations presented in Section 4. This is certainly not the case in reality, particularly for the hotter and faster-evolving stars. We further assumed that all binaries with periods longer than 1.5 days are detached, but in reality some of them may be semi-detached.
We have attributed the differences in the eccentricity distribution, in part, to tidal effects, using simplified equations drawn from equilibrium and dynamical tidal circularization theory, as brought forward by Zahn (1975) . In reality, the tidal circularization efficiency is probably itself a function of stellar evolution, i.e. it is not necessarily the same throughout the evolution of the system. We have furthermore neglected the possibility of additional stars in the systems, which may affect the eccentricity in individual cases (Mazeh & Shaham 1979) . The probability of having third bodies is itself a (decreasing) function of orbital period (Tokovinin et al. 2006) . It may be interesting to analyze the shortest-period binaries with non-zero eccentricities, to see if they can be explained by the presence of a third companion.
Despite this long list of limitations, we have shown in a relatively direct and homogeneous manner that the eccentricity distribution of hot-hot and cool-cool binaries are significantly different as a function of orbital period. This is likely caused by a combination of the different age of the systems and a different tidal circularization efficiency. We anticipate that more detailed studied of (subsamples of) the Kepler EB sample will further constrain tidal circularization theory. We also expect our findings to be of interest in the context of tidal theory for stellar obliquities in double star systems (e.g. Albrecht et al. 2014 ) and in exoplanet systems (e.g. Winn et al. 2010; Albrecht et al. 2012) .
